I. INTRODUCTlON
The generation of interface traps in metal-oxide-silicon (MOS) structures, and in silicon devices in general, continues to be widely studied as it is one of the main causes of degradation when these semiconductor devices are subject to stress. This subject is of even greater interest bearing in mind that, as the thickness of the oxide is diminished (according to the scaling laws of current technology), the number of collisions within it decreases. Thus, the voltage shifts caused by charge trapping in the oxide bulk become equal to or even lower than those caused by charge trapping at the interface. This means that the relative importance of interface generation increases compared to that of the charge trapping in the oxide bulk.
The generation of interface traps has been studied with samples subjected to different types of stress, such as biastemperature stress (BTS),'?' avalanche injection of hot carriers,3*4 Fowler-Nordheim-tunneling injection,5'6 radiation with a greater energy than that of the SiOz band gap, ' and bombardment with high-energy electron beams8 The states generated by these different methods are very similar both in their distribution as a function of their position in the silicon band gap and in their subsequent evolution.g-" This suggests that their appearance is caused by the same type of phenomena. Nevertheless, this can no longer be stated categorically since the physical origin of these interface traps is not entirely known, in spite of the amount of work done in this area.
Different models have been proposed to justify the appearance of interface traps, some based on the relaxation of a bond close to the interface after a hole is captured,12 others based on the effect of hydrogen liberated by stress. '3*'4 Researchers who have attributed interface-state generation to the first model (which pre-supposes an intermediate stage of hole-trapping) generally did their experi-"Present address: Centro National de McroelectnMca, Bellaterra, Barcelona, Spain. ments at low temperatures. This means that the subsequent loosening of the bond is thermally delayed and that the distinct phases of this process can therefore be observed.' 2T"3'6 In experiments which support the validity of this model, some of these authors have measured the profiles of trapped holes near the Si-Si02 interface after Fowler-Nordheim-tunneling injection or x-ray irradiation at low temperatures." They have observed that only those holes captured approximately 18 A from the interface, known as interfacial holes, are transformed into interface traps. The published ratio is of two states for every interfacial hole." It has also been observed that interface-state generation can be inhibited by neutralizing holes farther away from the interface by photo-injecting electrons at low temperatures.
On the other hand, there is also evidence to support those models based on hydrogen participation. It has been observed, using secondary-ion mass spectrometry (SIMS) , that hydrogen accumulates near the interface during avalanche injection of electrons and that this hydrogen comes from the metal-Si02 interface and not from the oxide bulk.lg It is impossible to say just yet whether one of these two mechanisms is solely responsible for the generation of interface traps, and it is probable that the prevalence of one mechanism over the other depends on the type of sample and, in particular, on the gate material. In fact, two components affect the density of interface traps in samples with previously introduced holes when the states are generated by avalanche injection with different electric fields in the oxide. One of these components, which is unaffected by the electric field, appears at low levels of injected charge and increases concomitantly with the amount of previously introduced holes. The other component, believed to be related to hydrogen releasing, is highly affected by the electric field and increases concomitantly with the amount of electrons injected.20 In a recent paper the trapped-charge buildup in SiOZ under electron injection from the cathodeoxide interface at 80 K has been separated into two com- ponents. One of them is believed to be related to oxygen vacancies in the Si02 layer near the substrate-Si/Si02 interface, while the other component is thought to be due to the releasing of mobile species from near the anode-oxide interface. These species would then cross the oxide and also contribute to charge building near the Si-SiOZ interface. 21 We analyze in this paper the effects of FowlerNordheim-tunneling injection performed from highly doped substrates at low temperatures. We look at charge trapping, paying special attention to the position of the charge inside the oxide. We discuss the information which can be obtained by combining the results from capacitance measurements with those obtained from measuring the voltage needed to keep up a constant Fowler-Nordheimtunneling injection current. Finally, we shall study the generation of interface traps and discuss the published models in the light of our results.
II. INJECTION AND TRAPPING OF CHARGE IN THE OXIDE
Most authors who use tunneling injection to analyze charge trapping in the oxide employ a simplified Lenzingler and Snow expression which is given for a triangular barrier:"
where J is the current density, A and B are constants, and -F, is the cathode electric field. This expression is obtained whether the electrons are injected from a dense degenerated accumulation layer or whether they are injected from a subband in a quantized accumulation layer.23 Figure 1 shows the current density distribution at 300 K for the first case. In this figure the barrier is considered to be triangular, as shown in the inset. The plotted curve corresponds to the shaded zone in the inset. We observe that there is an energy at which the contribution to the total current is maximum. As a reference term we define the tunneling distance, d, as the distance from the Si-Si02 interface to the intercept of the SiOZ conduction band with the energy for the maximum current distribution value in Fig. 1 (see inset). If the surface is quantized, the tunneling current is dominated by the lowest subband and, thus, the tunneling distance is determined by the intercept of this subband energy with the Si02 conduction band. The barrier height 4 is measured from the Fermi level in the first case and from the subband energy in the second case. In the Fowler-Nordheim regime the Fermi level EF is placed about 0.25 eV above the bottom of the silicon conduction band at the surface. (To calculate this value, we have taken a donor density of 5 X 10" cm -3 and a oxide electric field of 7.5 MV/cm at the interface.) In the quantized case the lowest energy subband is also about 0.2 eV above the bottom of the silicon conduction band at the surface. Consequently, the barrier height is about 2.9 eV with both models. Expression ( 1) is also valid when there is a charge inside the oxide, but only if it is outside the barrier zone. If there is an electric charge inside the tunneling distance, in the case of a sheet in which the centroid is placed at a distance, 2, from the Si-Si02 interface, the barrier shape will not be exactly triangular and the tunneling-current expression has to be modified (Fig. 2) . The current-density expression can be obtained in this case by integrating the nontriangular barrier-transmission factor. The result is:24 To characterize the tunneling barrier, the In(J/p> vs l/F plot, where F is the mean electric field in the oxide, is usually adjusted to a straight line. If the electric field is uniform across the oxide and the barrier is in triangular shape, then the mean electric field will coincide with the cathode electric field. Thus, the slope and the intercept of the straight line will provide us the constants B and *4, respectively [see Expression ( 1)], and, from them, we can obtain the barrier height, 4. When a charge is trapped in the oxide, the mean electric field and the cathode field do not coincide. Nevertheless, if the amount of trapped charge is not too large, the In(J/F2) vs l/F plot also fits a straight line, althought in this case the slope and the pre-exponent, (called in this paper B* and A*, respectively) are different from the constants B and A. The parameter B* is the least sensitive to the trapping of charge and we expect it to change only a few per cent during the injection. We will discuss the validity of this assumption in Sec. IV.
The constant-current-injection method26J27 allows a quick, direct analysis of charge-trapping transients due to the maintenance of the electric field at the cathode. Nevertheless, the constancy of the cathode field cannot be guaranteed if a charge is stored inside the barrier region, even if the current is kept constant. To extend the usefulness of this method we have analyzed the results we obtained in the above situation and have calculated expressions which allow us to examine therelationship between the charge-trapping transients and the charge value with its centroid under any conditions. When charge trapping occurs inside the barrier region, the different variables which affect Expression (2) complicate the analysis since the cathode field varies even if the current is kept constant. To use the constant-current-injection method when a charge is trapped inside the tunneling distance, we had to calculate the variation in the cathode field as a function of the trapped charge and its position. To do this, we have approximated Expression (2) with the expression we would get if the trapped charge is smaller than the charge stored in the semiconductor during injection. This hypothesis is very broad, and is valid for all of our measurements. By making an expansion to linear order of Expression (2), valid for AQ,, Q E,;F~ and AFc g F,, and on the condition that the total current density is not changed, we have obtained:
where Fd is the cathode electric field needed to maintain the same current level in the absence of a trapped charge.
The variation in the applied bias voltage when electrons are injected from the semiconductor ( V,,) will also depend on the stored charge and its position. This variation is given by := A V,,= AF&,, -AQ,.JE,,( tax -X) .
If a charge is stored inside the tunneling distance then we must substitute the value for the electric field in (4) by that given in (3 ) . If C,, = q,Jt,, is the oxide capacitance per unit area, then
which is also proportional to. the charge trapped in the oxide.
The total charge and its position cannot be obtained separately by injecting electrons only from the semiconductor. To obtain them it is also necessary,to measure the evolution of the voltage, FrMs, required to maintain a constant current when electrons are injected from the metal. If this evolution is 
When charge trapping is produced inside the barrier region, near the oxide-semiconductor interface, Expression (6) is still applicable for the V,, voltage' shift. By also applying Expressions (7) and ( 8) in this case, we obtain two quantities, A@, and Z*, which we call apparent charge and centroid. The result is Z%AQ&=ZAQ,,,, and (9) 0.4 x z*=l -(e,,AFJAQ,,) *
The increase in the cathode field is positive when the charge stored near the interface is positive, while if the latter charge is negative the cathode field decreases. Therefore, the second term of the denominator in Expression (10) will always be positive and we get an overestimation of centroid 2.
If Expression (5) is applied, (10) is reduced to x F* = ,
1 -[ 1 -(F&Q) ] 1'2 1 -2 z;;;&) from which expression we can also calculate X when Z* is known. In conclusion, although AQ,*, does not give us the total trapped charge, nor Z* its position, we can still obtain the value AQ,,, if we calculate X based on the value of Z*. Instead of using the variation in voltage, VsM, we could use the variation in the voltage needed to maintain a constant-reference capacitance (e.g., the flatband voltage or the mid-gap voltage). However, using this voltage poses an additional problem since we must add to AQ,, the variation in the charge stored right at the interface, AQ,. This surface charge, though, barely affects the injected-current value as seen by the fact that it does not change the barrier shape. With this voltage we get AVFB= -AQ,, .+ AQss E (to, -3, ox which is valid no matter what position the charge was trapped in. Using the mid-gap voltage, Vmg, instead of the flatband voltage has the advantage that Q,, is null if we allow the hypothesis that all of the interface states in the upper half of the forbidden band are acceptors and all in the lower half, donors.
We can nevertheless still obtain information using both voltage shifts because if there is a charge stored inside the barrier zone, or at the interface itself, A I?,, and A V, will not coincide, which serves as an experimental method of detecting this type of trapping. With Expressions (5) and (12) we can calculate the difference between the two voltage shifts:
The difference is thus positive if the trapped charge is negative, and negative if the trapped charge is positive. In Fig.  3 we show the variation in both voltages for a trapped charge of the same value as a function of the position of this charge. The greatest difference is at x= 0, that is to say, if all of the charge is trapped at the interface. If the charge is stored both inside and outside the barrier we can use a model with two sheets of charge, one inside the oxide bulk (but outside the tunneling distance) and the other near the interface. We can then extrapolate the results for just 'one sheet. Several authors accept this possibility, and models based on it have even been devised to interpret the intrinsic breakdown of SiOZ in MOS strucfures. 28'29 If a charge of QoXl is trapped inside the tunneling distance at a position of Zr, and a charge of QoX2 is stored inside the oxide with a centroid of T2 outside the barrier, then Expression (4) can be extended to give us This expression is applicable even if the stored charge has a nonuniform, superficial distribution near the oxide-semiconductor interface. However, in this case, the density of the charge must be small enough so that Expression (2), including the exponential, can be linearized. In these conditions AQ,,, will be the mean charge of the whole area. By combining the above expression with the flatband or the mid-gap voltage shift and with the shift in VMs, we can find out more about the size of the trapped charges and their centroids.
SAMPLES USED
The samples used in this work were MOS capacitors built on Silicon N-type substrates, with an initial concentration of 1015 phosphorous impurities per cm3. On the substrate, phosphorous was implanted at a dose of D = 5. 1013 cm -2, with an ion incident energy of 100 keV. Then, the samples were heated for 4 h at 1100 "C. A high concentration was thus achieved in a superficial zone extending about 3 pm down into the substrate. The surface concentration of donors exceeds 6 X 10" cm -3. The oxide films were thermally grown in dry O2 (with Ar) at 950 "C for periods of about 30 min, until a thickness of approximately 250 A was obtained. The gate was of semitransparent aluminum with a thickness of some 150 A. After metallization the samples were annealed in N2/H2 (5%) at 500 "C for 20 min. All of these processes were done at the Centro National de Microelectronica (Barcelona) .
IV. EXPERIMENTAL RESULTS
As a first step we measured the characteristic curves capacitance voltage (C-v> and current voltage (I-V) at room temperature to check the quality of our fresh samples. A Fowler-Nordheim current curve for a unstressed sample is shown in Fig. 4 . The plot ln(J/F2) vs l/F has been adjusted to a straight line. The slope of this line has given us the value B = 235 MV/cm. This slope value agrees with the results given by Weinberg23 and Krieger and Swanson3' for ten decades of current. We have obtained a barrier height of 4 = 2.87 eV with an effective mass of m,, = 0.5 m,, where m, is the free-electron mass and mox is the effective electron mass in the oxide. This is an acceptable value when silicon is the cathode, in accordance with the discussion presented above. Figure 5 shows a comparison of two high-frequency capacitance curves. One of them (solid line) is an experimental curve corresponding to a fresh unstressed sample. The other (dotted line) is a theoretical curve obtained by computer, without interface states, using the impurity profile given by the process simulator SUPREM. To obtain the theoretical curve we have used the value tax = 257 A, that is in agreement with the value measured by ellipsometry. We note the small stretch-out of the experimental curve, which means that the density of interface traps was very low. We have seen (with conductance measurements taken with a LCR impedance analyzer HP41924 meter) that the interfacestate density in unstressed samples was lower than 2 X 10" cm -' eV -' in the middle of the silicon band gap. We have also observed a negligible shift of the C-V curves due to mobile ions after maintaining the samples above room temperature with high bias voltages for several hours. The results that we show below are repeated for all the samples that have passed our reliability tests.
We have determined that the current through the oxide in both directions is caused by tunneling injection, even at the temperature of the liquid nitrogen. This occurs when negative-polarity voltage is applied between the gate and the substrate since the highly doped surface of our samples allows quick building of the inversion layer at 77 K by Zener breakdown. This means that most of the applied voltage is dropped across the oxide and the current will be produced by Fowler-Nordheim-tunneling injection of electrons from the metal instead of injection of hot holes from the semiconductor. Expression (6) can thus be used for all the temperatures at which we have made our measurements.
In Fig. 6 we have plotted the voltage shift produced by charge trapping at 77 K with an injected current density of 80 &/cm2. The injection consisted of a succession of 10-s pulses which allowed us to measure between each pulse the capacitance and the current density (which is lower than the injection level), whether negative or positive. The transient exhibits a near-exponential dependence with a capture-cross-section value of: 0 = 5.09 X lo-" cm2, according to first-order kinetics, and a trap density per unit areaof:NTS = 3.6 X 10" cmm2.
Although presently other models, such as trapping-detrapping,31 are more widely accepted, the previous value for the capture cross section, although inexact, may allow us to identify the defect. We might be dealing with a water-related center which has been observed after post-metallization annealing in forming gas, since this process also occurred in our own samples.32
In order to obtain the shifts of the parameters A* and B*, defined in Sec. II, we have measured the voltages corresponding to different current levels between each injection pulse during an injection series. We have obtained the slope and the intercept of a ln(J/F2) vs l/F plot in each case. The relative shift of B* (shown in Fig. 7 as a function of the injected charge) is of about 3% and it can be attributed to the effect of the trapped charge, as we discussed in Sec. II, while A and B remain at constant values. As a consequence of the trapping of negative charge, the J-V curves. have been shifted to higher voltages and, thus, the pre-exponent A * has been increased by about 120%. In conclusion, after an initial decay of the barrier produced just at the beginning of the injection, the evolution of. the p,arameters A* and B* during the injection is what we expected when negative charge is trapped in the oxide. The slope B* do not change more than a few percent during stress since the amount of charge trapped is not very large.
We have determined the position of the trapped charge according to a model of the storage in a sheet of charge with a well-defined centroid. We have used the mid-gap voltage shift and the reverse voltage shift AVMs necessary to maintain a current of 4 @/cm2 when injecting electrons from the metal. Both measurements were taken between each injection pulse (Fig. 8) .
By combining Expressions (6) and ( 12), obtained for a sheet of charge outside the barrier, we can calculate both the apparent centroid of the charge and the value of the charge itself. The value of the apparent centroid is shown in Fig. 9 . According to this figure the centroid of the charge positions itself even further from the metal contact at the onset of the injection. This result is obviously incdrrect and indicates that the storage model for just one sheet cannot be used to interpret our measurements. The unusually high value of the apparent centroid is-the result of an initial setback in the growth of V,, and VsM 
which can only be greater than unity if AQ,,,i and AQoX2 have different signs. The lowering of the effective potential barrier, presumably by positive-charge trapping near the barrier, is directly observable during the first two to three current pulses since AV,, and AVsM are slightly negative and as well AV,,,, < AVsw However, when the total injected charge, Qi,, reaches the value 10 -s C/cm*, there is a turnaround effect and the negative-charge trapping masks or neutralize any positive-charge trapping which may continue to be produced (Fig. 10 ). This figure shows not only the negative-charge trapping but also the position of the charge inside the barrier zone, indicated by the difference between A Vmg and A VsM. For nearly the whole of the injection transient, A Vmg -A VsM is positive, which indicates that the negative-charge trapping predominates in the barrier zone. This difference is also constant from Qi,j z 30 mC/cm2 on, which means that the additional trapping takes place outside the barrier. If we use the model of a single sheet of charge from this instant on, we will obtain X, 146 fi, which value is consistent with the notion of uniform trapping in the oxide zone extending from the electron emergence point up to the metallic electrode. At the beginning of the transient response shown in Fig. 10 , F*/tox > 1 due to the different signs of Q,, and QX2, and after the three first points, ?* is still larger than X due to the overestimation of the centroid according to Expression (11).
The difference between AV,,,, and AV,, at 77 K cannot be attributed to the interface-state generation even though we have observed the generation of such states in our samples both when the injection is done at room temperature and when done at low temperatures. While in the first case interface traps are generated instantly, in the second case it is necessary to raise the temperature to observe their growth. In Fig. 11 there are three capacitance curves at 77 K, obtained by the high-frequency, bidirectional-ca- The slight difference between the two plots of this curve shows that not many interface states have been generated yet. (c) After raising the temperature to 308 K and lowering it back down to 77 K. The difference between the descending and the ascending voltage plots shows that a high interface-trap density has been generated. pacitance method. This method is similar to the one proposed by Jenq," but it uses a series of bias voltages in the form of pulses.24 For Curve (a) (solid line) we used a fresh sample (one that had not been previously injected). With fresh samples there is scarcely any separation between the two plots of the bidirectional C(V) curves. This confirms the low interface-trap density in our unstressed samples. Curve (b) (dashed line) was plotted using the same sample right after an injection of 180 mC/cm2 at 77 K and once again little difference is seen between the two plots of the curve. Curve (c) (dotted line) was measured after raising the sample to room temperature, keeping it there for several hours, and then taking it back down to 77 K. This last curve shows an appreciable separation between the two plots for the descending and the ascending voltages of the capacitance curve. This indicates a much higher density of interface traps than in curve (b), in spite of the fact that no cause of degradation was present in the interval between these two measurements. The only difference is that the temperature was raised for curve (c). It seems that interface-state generation starts with the injection of a charge into the oxide but is not evident until the temperature is high enough for the necessary changes to take place in the Si02 network or in the trapped charge. From the figure as a whole we can see that an injection at 77 K causes an almost parallel displacement in the capacitance curve toward positive voltages as a consequence of the negative-charge trapping. As we have verified by VMs measurements, the generation of interface traps produced upon heating the sample to room temperature barely affect the oxide charge. The nearly symmetrical displacement of the curve which was measured after the generation with respect to the curve measured right after the injection indicates that as many acceptor as donor states have been generated, even though we cannot be certain that both types of I.
FIG. 12. Profiles of interface states generated by two~successive FowlerNordheim-tunneling injections on the same sample at 77 K. The temperature was raised to 300 K after each injection and then the two interfacestate profiles were obtained using the combined high-low frequency method at room temperature.
states are generated in equal densities.
We have observed that interface-state generation begins at about 120 K and increases steadily up to room temperature. We have also observed a tendency for the density to increase very slowly while the sample is kept at intermediate temperatures after the injection. The interface traps density do not seem to rise toward the final density value however, but instead toward a lower saturation value. All of the above results appear to confirm the idea put forth by several authors that the time constants for the generation of states at the oxide-silicon interface depend heavily on the temperature.
Two profiles of interface states measured at room temperature by high-low frequency capacitance are shown in Fig. 12 . Each profile has been measured after one injection series, performed at 77 K, and a rise in temperature. (The interface-state density for the sample before stress was much lower and is not shown in the figure.) It may be observed that in each injection-temperature cycle an increase in the interface-state density is produced. A peak occurs in the upper half of the forbidden band (at approximately E, + 0.75 eV> and is superimposed on the background-density growth. Other authors have observed the same phenomenon using electron injection, lo sample irradiation9 or BTS. ' We have noted that the net charge stored in the oxide is scarcely changed, but that there is an appreciable difference in interface trap density. In the ares of the peak, there is a mean interface-state density of 0.7-0.8 X 10 -' for each electron introduced into the oxide.
To summarize, positive-charge trapping is only slightly apparent at the start of the injection transient with negative charge trapping dominating even inside the tunneling barrier region (i.e., near the interface). We can therefore affirm that, in our case, holes play a scant role in the generation of interface traps.
V. DISCUSSION OF RESULTS AND CONCLUSIONS
In our experiments we observed certain occurrences, such as the necessity for heating samples to generate interface traps, which have been used to support those models which postulate hole-capture and subsequent bond relaxation. Nevertheless, we have not observed an intermediate stage of positive-charge storage near the interface as in most Fowler-Nordheim-tunneling injection experiments done at low temperatures. On the contrary, the net charge stored inside the barrier region is negative. This result is similar to those obtained in experiments using electron photoinjection at low temperatures, in which the generation of interface traps was also produced in the absence of an intermediate stage of hole trapping. 33 We can interpret our results either on the basis of a model which posits the intervention of a neutral species (such as molecular or atomic hydrogen, Ho, coming from the SiO+.l interface and reaching positions close to the silicon) or on one which is based on electron trapping. In the first case, the need to raise the temperature to generate interface traps is due to thermal limitations imposed on the transport of atomic hydrogen He. The thermal limitation in the second case is due to the changes in the bonding structure. The model of the displacement of a neutral species is not contradicted by the observation that, after irradiating samples, there is no displacement of the positive charge during the generation of interface traps.34 This observation has been used to argue in favor of a model which calls for the intervention of the holes stored near the SiSiOZ interface during irradiation.
The participation of atomic hydrogen in the generation of interface traps was proposed by Griscom'4 in a model in which the thermal limit is due to the fact that at low temperatures atomic hydrogen bonds to form molecular hydrogen, a species scarcely mobile in SiOZ. At temperatures higher than 230 K, the molecular hydrogen reacts with nonbridging oxygen, generating atomic hydrogen once more. At the interface the hydrogen supposedly breaks the Si-H bonds, thereby forming molecular hydrogen once again. The dangling Si bonds would then be responsible for the interface states. Atomic hydrogen has also been recently taken by DiMaria"' as the most probable species involved in the trap-creation process.
The other model mentioned above is based on the direct capture of electrons during injection. Although defects related to 0 vacancies have been proposed as a probable alternative to trapped charge buildup near the interface, we propose in this paper another possibility based on defects of the valence alternation-pair model (VAP) . This model has been proposed to interpret the generation of interface traps by BTS.35 The structure of this defect is:
This defect is believed to occur in high concentrations in the highly strained oxide region next to the oxide-semiconductor interface.36 The one-fold-undercoordinated 0' -oxygen can act as a hole trap, while if an Si-O3 + bond captures an electron it may relax and weaken, giving way to an interface trap to which is attributed a level in the upper half of the silicon forbidden band.35 The details of this capturing process during Fowler-Nordheim-tunneling injection are not yet resolved. Theoretically, Sakurai and Sugano 37 have also obtained results indicating that interface states in the upper half of the forbidden band are due to weak Si-0 bonds, and that those in the lower half are due to weak Si-Si bonds. Although it is not the only explanation possible,38 this model can also explain a phenomenon observed by several authors'-" in which the peak in the upper half of the forbidden band is transformed into a peak in the lower half. The model proposes that after a slow process a silicon-dangling bond is finally produced.
To conclude, we have analyzed voltage shifts during Fowler-Nordheim-tunneling injection at 77 K with a constant current which was extended to include cases where charge trapping occurred inside the barrier. We have also studied the density of interface traps as temperature is increased. Our data makes it evident that in experiments in which there is no prior trapping of a net positive charge, heating must occur for interface' traps to be generated. To account for this fact we have proposed two possibilities, one based on the actions of neutral atomic hydrogen from the Al-Si interface, and the other based on prior trapping of electrons in VAP-type defects.
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